Abstract. Machining belongs to the basic technological operations in production companies. At present, research in ultrasonic machining has been in a progress, which is used as an effective finishing operation. This paper presents machining of the aluminium alloy by means of abrasive-free ultrasonic machining (A-FUM) with a discharge power 630 W and a frequency 22 ± 2 kHz. The different cutting fluids containing nanoparticles were compared at the abrasive-free ultrasonic finishing. The roughness of the surface was evaluated by a microscope Olympus Lext within the research on the machined surface. The aim of other measurements was to evaluate the influence of the reviewed variants of the experiment on incidental reinforcement of the surface. Further, the machined surface was investigated from a hardness point of view. The hardness was measured by the method HBW2.5/62.5 on the surface. The surface and under-surface reinforcement was evaluated by means of the microhardness HV0.1. The machined surface was tested by means of the scanning electron microscopy (SEM) using a microscope TESCAN MIRA 3 GMX. A spectral analysis of the machined surface (EDX) was performed on the scanning electron microscope with the aim to detect residues of nanoparticles from the processing liquid in the surface.
Introduction
Surface preparation is an important factor for practical application of machine components, particularly in situations such as the precise alignment and high strength applications [1] . It is necessary to pay attention to optimisation of the machining process [2] [3] [4] .
At classical turning the surface comes into being, which has to be often further treated, e.g. by grinding. A reason is an unsuitable roughness of the surface [3] .
The surface integrity is an essential property of machine parts. The state and properties of the machined surface are described by the surface integrity [5] [6] [7] .
The major disadvantages of these processes are that they suffer from a low finishing rate and high equipment costs [1; 8] . Therefore, there is a need for an alternate process, which has the capability of nano-level finishing at higher finishing rate [8] . A possibility is to use ultrasonic finishing of the material. An improvement of the surface roughness compared to the abrasive finishing occurs at the use of the ultrasound [2; 7; 8] . The ultrasonic assisted abrasive flow machining is a new process in which the workpiece is subjected to ultrasonic vibration perpendicular to the medium flow [8] direction. The fundamental mechanism of the ultrasonic machining is material removal by means of the propagation of minute cracks that are inherently present [9] in such material. One of the possibilities of improving the machined surface quality is the method of abrasive-free ultrasonic finishing [1; 2] of metals. This method is used namely as a finishing operation [2] after turning. The principle is based on generating of ultrasonic waving. The vibrating system deforms the surface layers of the machined part in a plastic way. This modified surface has a positive influence on friction, which is essential for practical application [10] .
Material and methods
This research presents machining of aluminium alloy by means of abrasive-free ultrasonic machining (A-FUM) with the discharge power 630 W and the frequency 22 ± 2 kHz. The secondary aim was to evaluate the influence of nano-particles contained in the cutting fluids.
The roughness of the surface was evaluated by a microscope Olympus Lext within the research on the machined surface. Further, the machined surface was investigated from a hardness point of view. The hardness was measured by the method HBW2.5/62.5 on the surface of the test samples in accordance with the standard ČSN EN ISO 6506-1. The test device (a small ball) of a mean 2.5 mm was loaded with a force 612.9 N.
The surface and under-surface reinforcement was evaluated by means of the microhardness according to Vickerse HV0.01 in accordance with the standard ČSN EN ISO 6507-1. The test device (a diamond pyramid) was loaded with a force 0.09807 N. The microhardness was measured in the cut of the test samples, i.e. 25 to 875 µm from the surface.
The machined surface was tested by means of the scanning electron microscopy (SEM) using the microscope TESCAN MIRA 3 GMX. A spectral analysis of the machined surface (EDX) was performed on the scanning electron microscope.
The The tested material was machined by turning in the lathe at the variant 1. It was treated by abrasive-free ultrasonic finishing with various cutting fluids ( Fig. 1 ) after turning at other variants. The experiment variants are described below.
• Sample No. 1 -machining by turning, the cutting speed was 785 mm·rev -1 , feed knives 0.04 mm·rev -1 , cutting depth 0.5 mm. The cutting fluid Avitol 2 was used during turning.
• Sample No. 2 -the same machining by turning was used as for the sample No. 1. The abrasive-free ultrasonic finishing was also used as the machining technology. Ultrasonic set I-4 was used for the research. The device with the discharge power 630 W and the frequency 22 ± 2 kHz was used for the research. The cutting speed was 40 mm·rev -1 , feed rate 0.07 mm·rev -1 .
• Sample No. 3 -the same machining was used as for the sample No. 
Fig. 1. Test sample from aluminium alloy with single variants of machining
The results of measuring were statistically analysed. Statistical hypotheses were also tested at the measured sets of data by STATISTICA software. The validity of the zero hypotheses (H 0 ) showed that there was no statistically significant difference (p > 0.05) among the tested sets of data. In contrast, the hypothesis H 1 denied the zero hypotheses and showed that there was a statistically significant difference among the tested sets of data or dependence among the variables (p < 0.05).
Results and discussion
The graphical presentation of the results of the hardness HBW2.5/62.5 measured on the surface of the test samples is shown in Fig. 2 . The results show that increased values of the surface hardness HBW2.5/62.5 are reached at the variants 2, 3, 4 and 5, i.e. with using of the abrasive-free ultrasonic finishing technology. The increase of the surface hardness HBW2.5/62.5 was in the interval 4 to 8 %.
Statistical testing (Anova F-test) of the turned surface (the variant 1) and the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2): all variants are statistically non-homogeneous groups, i.e. there is the difference in the surface hardness HBW2.5/62.5. The hypothesis H 0 was not certified, i.e. there is the difference in the hardness HBW2.5/62.5 in the significance level 0.05 among single tested variants 1 to 5, i.e. p ˂ 0.05 (p = 0.000).
Statistical testing (Anova F-test) of the A-FUM technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2): the variants 2, 3, 4 and 5 are statistically non-homogeneous groups, i.e. there is the difference in the surface hardness HBW2.5/62.5. The hypothesis H 0 was not certified, i.e. there is the difference in the hardness HBW2.5/62.5 in the significance level among single tested variants 2 to 5, i.e. p ˂ 0.05 (p = 0.003).
In terms of the statistical testing of the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) it is possible to say that they are statistically homogeneous groups, i.e. there is no difference in the surface hardness HBW2.5/62.5. The hypothesis H 0 was certified, i.e. there is no difference in the hardness HBW2.5/62.5 in the significance level 0.05 among single tested variants 3 to 5, p ˂ 0.05 (p = 0.376). The influence of various nanoparticles in the cutting fluid on the surface hardness HBW2.5/62.5 was not statistically proved.
The hardness HBW2.5/62.5 on the surface was the highest at the variant 2, i.e. the A-FUM technology with the cutting fluid without nanoparticles. The graphical presentation of the results of the hardness HV0.01 measured in the longitudinal and transverse cut to the finished area of the test samples is shown in Fig. 3 . The results show that increased values of the surface hardness HV0.01 are reached at the variants 2, 3, 4 and 5, i.e. with using of abrasive-free ultrasonic finishing (various cutting fluids). The increase of the surface hardness HV0.01 was in the interval 5 to 11 %.
In terms of the statistical testing of the turned surface (the variant 1) and the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2) it is possible to say that they are statistically non-homogeneous groups, i.e. there is the difference among the microhardness HV0.01 under the surface.
The hypothesis H 0 was not certified, i.e. there is the difference in the microhardness HV0.01 in the significance level 0.05 among single tested variants 1 to 5, i.e. p ˂ 0.05 (HV0.01 longitudinal direction p = 0.000 and HV0.01 transverse direction p = 0.004 ).
In terms of the statistical testing of the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2) it is possible to say that they are statistically homogeneous groups, i.e. there is no difference in the microhardness HV0.01 under the surface. The hypothesis H 0 was certified, i.e. there is no difference in the microhardness HV0.01 in the significance level 0.05 among single tested variants 2 to 5, i.e. p ˂ 0.05 (HV longitudinal direction p = 0.0635 and HV0.01 transverse direction p = 0.5724).
The influence of the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2) on the microhardness HV0.01 under the surface of the aluminium alloy was not statistically proved.
Fig. 3. Dependence of hardness HV0.01on the way of finishing
The graphical presentation of the hardness HV0.01 course measured in the longitudinal and transverse cut to the machined area of the test samples is shown in Fig. 4 . The results in the interval 0 to 100 µm under the surface of the machined area by various variants of the A-FUM technology showed more significantly higher values compared to the classical turning. In terms of the statistical testing of the turned surface (the variant 1) and the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2) it is possible to say that they are statistically non-homogeneous groups, i.e. there is the difference among the surface roughness Ra and Rz. The hypothesis H 0 was not proved, i.e. there is the difference in the surface roughness in the significance level 0.05 among single tested variants 1-5, i.e. p ˂ 0.05 (R a p = 0.001 and R z p = 0.000).
In terms of the statistical testing of the A-FUM technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2) it is possible to say that they are statistically non-homogeneous groups, i.e. there is the difference among the surface roughness R z . The hypothesis H 0 was not proved, i.e. there is the difference in the surface roughness R z in the significance level 0.05 among single tested variants 2-5, i.e. p ˂ 0.05 (p = 0.0168).
In terms of the statistical testing of the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2) it is possible to say that they are statistically homogeneous groups, i.e. there is no difference in the surface roughness Ra. The hypothesis H 0 was certified, i.e. there is no difference in the surface roughness Ra in the significance level 0.05 among single tested variants 2 to 5, i.e. p ˂ 0.05 (p = 0.2936).
In terms of the statistical testing of the A-FUM technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) it is possible to say that they are statistically homogeneous groups, i.e. there is no difference in the surface roughness R a and R z . The hypothesis H 0 was certified, i.e. there is no difference in the surface roughness Ra and Rz in the significance level 0.05 among single tested variants 3 to 5, i.e. p ˂ 0.05 (R a p = 0.2712, R z p = 0.550). The influence of various nanoparticles in the cutting fluid on the surface roughness Ra and Rz was not statistically proved. The difference between the variant 1, i.e. the classic turning and the variant 2, i.e. the abrasivefree ultrasonic finishing is shown in Fig. 6 . The change of the surface texture is obvious from SEM images. Also [11] came to analogous conclusions in his research on the surface after ultrasonic processing. The assumption was not certified that depositing of nanoparticles at the abrasive-free ultrasonic finishing enables:
• to decrease the surface roughness parameters R a and R z , • to increase the hardness on the surface and in the under-surface layers. Also authors of other publications deduced analogous conclusions [12] , i.e. the influence of nanoparticles on the improvement of the roughness parameters nor the increase of the hardness of the aluminium alloy.
The improvements of the surface parameters are described by Li et al. [13] in their study. However, they state the essentiality of the influence of different frequency on ultrasonic vibration.
This assumption was expected owing to another assumption that the surface micro-pores connected with the surface will be filled with these particles with additive industrial oil. The creation of the resistant microlayer was assumed owing to the mechanical acting of the working [12] head of the apparatus ultrasonic set I-4. The functional surface is very important for the practical application, it influences the total function of the device [7; 11] .
Conclusions
The hardness HBW2.5/62.5 on the surface was proved as the highest at the variant 2, i.e. the A-FUM technology with the cutting fluid without nanoparticles.
It is obvious from the results that higher values of the surface hardness HBW2.5/62.5 are reached at the variants 2, 3, 4 a 5 than at the variant 1, i.e. with using of the A-FUM technology.
Increasing of the surface hardness HBW25 / 62.5 has been used in different variants of the A-FUM technology with the cutting fluid with and without the nanoparticles.
The microhardness HV0.01 under the surface was increased at the abrasive-free ultrasonic finishing technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2). The influence of the A-FUM technology with the use of various nanoparticles in the cutting fluid (the variants 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2) on the microhardness HV0.01 under the surface of the aluminium alloy was not statistically proved.
The roughness parameters Ra and Rz were decreased at the A-FUM technology with the use of various nanoparticles in the cutting fluid (the variant 3, 4 and 5) and the cutting fluid without the nanoparticles (the variant 2). The influence of various nanoparticles in the cutting fluid on the surface roughness Ra and Rz was not statistically proved.
The difference between turning (the variant 1) and the A-FUM technology is obvious from the results of the SEM analysis. The surface after the abrasive-free ultrasonic finishing technology is without significant inequalities.
